The positively charged residues, arginine and lysine, of the S4 segments of voltagesensitive ion channels repel each other with Coulomb forces inversely proportional to the mean channel dielectric permittivity ε. Dipole moments induced at rest potential in the branched sidechains of leucine, isoleucine and valine lend high values of ε to the channel. High ε keeps electrostatic forces small at rest, leaving the channel in a compact conformation closed to ion conduction. On membrane depolarization beyond threshold, the repulsive forces between positive S4 charges increase greatly on a sharp decrease in ε due to the collapse of induced dipoles, causing an expansion of the S4 segments, which drives the channel into activation. Model calculations based on α helical S4 geometry, neglecting the small number of negative charges, provide estimates of electrostatic energy for different values of open-channel ε and numbers of positive S4 charges. When the Shaker K + channel is depolarized, the repulsion energy in each S4 segment increases from about 0.2 kcal/mol to about 120 kJ/mol (30 kcal/mol). The S4 expansions lengthen and widen the pore domain, expanding the hydrogen bonds of its α helices, thus providing sites for permeant ions. Ion percolation via these sites produces the stochastic ion currents observed in activated channels. The model proposed, Channel Activation by Electrostatic Repulsion (CAbER), explains observed features of voltage-sensitive channel behavior and offers predictions that can be tested by experiment.
INTRODUCTION
The voltage-sensitive or voltage-gated ion channel is a member of a superfamily of signaltransduction proteins intrinsic to biological membranes (1, 2) . These glycoprotein macromolecules, embedded in the phospholipid bilayer separating cytoplasmic and external aqueous media, carry out physiological functions including the transfer of information along nerve and muscle fibers and at axon terminals. Voltage-sensitive ion channels (VSICs) include monomeric sodium (Nav) and calcium (Cav) channels and tetrameric potassium (Kv) channels. Mutations in VSICs cause diseases of brain, muscle and other organs (3) . This paper deals with membrane activation, the onset of stochastic currents of permeant ions in response to threshold depolarization of the membrane from its resting potential, negative relative to the extracellular solution, with a mean electric field of ~14-18 MV/m. Although much experimental data is available, an explanation from first principles of the activation of these macromolecules remains to be developed. The goals of this paper are to critically examine the bases of currently accepted models; to show that these models are inappropriate at the molecular scale and contrary to published data; to propose an alternative model based on condensed state physics; to calculate certain quantitative predictions of this model, and to apply these to further our understanding of the electromechanical process of channel activation.
A fundamental question that remains to be answered is: How does a critical reduction in the magnitude of the membrane voltage from its resting potential lead to the appearance of stochastic currents of selected ions? We will first examine currently accepted models critically and show their inadequacy to answer this question, thereby demonstrating the need for new paradigm.
Can an ion channel possess rigidly moving components?
Certain mechanistic models based on macroscopic devices have been proposed to explain VSIC function. The gated-pore model holds that VSICs are pierced by a water-filled pore fitted with a voltage-controlled gate that regulates the ion current (1, 4) . A variant of the gated-pore model is the helical-screw model, which proposes an α-helical S4 segment as rigidly advancing outward and rotating through the surrounding channel substance (5, 6) . In a model based on data from a crystallized bacterial potassium channel, KvAP, certain segments are postulated to form a paddle that moves under voltage control within the lipid bilayer (7, 8) .
While the experimental results motivated by models based on devices with rigidly moving parts have provided valuable information, their interpretation by these models cannot provide robust explanations of channel function. The tacit assumption that the S4 segment moves outward through the channel as a rigid body ignores the fact that the loops of the α helix are interconnected by hydrogen bonds, which are weak compared to interactions of the S4 segment with neighboring segments and, as shown in the calculations below, to the mutual repulsion energies of its positive charges in a depolarized channel. The properties of matter at the molecular level are vastly different from properties such as rigidity that characterize macroscopic matter. Therefore, devices with rigidly moving parts are incommensurate with the molecular scale and must be abandoned as models of ion-channel function.
Nonrigid motions of S4 segments or flexible structures within them were proposed by Guy and Conti (9), Durell and Guy (10) and Aggarwal and MacKinnon (11) , but encountered the objection that the energy cost of breaking the segment's hydrogen bonds is tens of kcal/mol, taken to be too high to make this concept realistic (12) . However, the calculations below show that the increase in repulsion energy on activation is sufficient to account for an electrostatically driven extension of the S4 segments.
The gated-pore model and its variants are also inconsistent with single-channel data: Although the current response observed in an axon membrane with mm-size electrodes follows the field smoothly, the response observed with a μm-size patch clamp to record currents from the nm-size channel is a stochastic sequence of unit currents (13) . In contrast to the predictable effect of opening a macroscopic gate, a channel opening thus only predicts the probability of onset and termination of unit currents (14) . The ion channel is not a simple gated pore.
To explain channel function from first principles, such device-based models must be abandoned and replaced in a paradigm shift by an approach based on molecular concepts.
Electrostatic interactions between positive charges in an S4 segment
The four S4 segments of all VSICs are highly ordered structures, and that order has been strongly conserved in evolution. As a common motif, each possesses an array of positively charged amino acid residues, arginine (R) and lysine (K), separated by (predominantly) two uncharged, nonpolar residues. The S4 segments are recognized as the components that respond to changes in voltage across the membrane; they are part of the voltage sensor domain (segments S1-S4) of VSICs (4, 15) . The fact that electric charges repel as well as attract is well known, and its implications for the biophysics of ion channels, pointed out by Leuchtag (16) are here applied to help explain channel activation.
The claim that the positive S4 charges are neutralized by salt bridges with negatively charged residues (17, 18, 19) and hence do not repel each other, must be rejected in view of the facts that the positive residues greatly outnumber the negative ones, that the positively charged residues are conserved and that they play an important role in channel activation (10) . The finding by Stühmer et al. (20) that a reduction of total equivalent positive charge can reduce voltage dependence in neutralization mutants of a sodium channel implies that the mutual repulsion of the positive S4 charges cannot be ignored.
The present paper presents a computation from the laws of electrostatics of the repulsion energies between the positively charged residues in a simple model of the S4 segments. An electromechanistic model, Channel Activation by Electrostatic Repulsion (CAbER), is proposed to explain the role that these repulsive forces play in ion-channel activation; a preliminary report has been presented (21) .
METHODS

Electrostatics of an S4 segment
The electrostatic interaction is a long-range force between charged particles in a nonconducting medium. Coulomb's law for charges q i and q j separated by distance r ij with unit vector u ij between them in a medium of dielectric permittivity ε, in MKS units, is 
where ε 0 = 8.854 x 10 -12 C 2 /Nm 2 (22) . After a step depolarization is imposed on a VSIC, it is no longer in equilibrium. Its response is a transient process during which charges move. Since ion-channel structures must move during activation, electrostatic calculations based on equations that assume equilibrium conditions, such as the Poisson-Boltzmann equation (23) , are not applicable to channel activation.
In considering the way in which the external electric field must move charges, Hille (24), finds that elimination of certain alternative hypotheses leaves only a direct action on charges that are part of the channel, as earlier suggested by Hodgkin and Huxley (25) . The charges acted upon were taken to be the positive charges on the S4 segments (26, 27, 28, 29) . However, outward S4 motions are observed for depolarizations less in magnitude than the resting potential, which leave the inner membrane surface negative and continuing to attract the positive S4 charges inward, not outward as the direct action hypothesis assumes. Since the membrane voltage acts across the entire membrane and is not in series with a conducting element, subtraction of the resting potential from the membrane voltage is not allowed (30) . Therefore, the process responsible for the outward movement cannot be a direct response to the change in membrane voltage.
Rather, the activation process must involve an intermediate variable that reacts to the voltage change and in turn leads to the observed outward motions of the positive charges. Since by Eq. 1 the only variable dependent on the channel environment is the dielectric permittivity ε, that intermediate variable must be ε.
Capacitive currents called "gating currents" have been measured in excitable membranes when ionic currents are blocked (31) . Since the dielectric permittivity is the dimensionless parameter of capacitance, the gating currents must be seen as indications of the changes of ε in the VSICs during activation. To further pursue the effects of a variable ε, let us consider the classical electrodiffusion model.
Ferroelectricity in biological structures
The classical electrodiffusion model of excitable membrane function was found to be inadequate because of its inability to fit ion-channel data such as the steep rectifications observed in squid axon (32) . However, the rejection of electrodiffusion in general was premature, as the classical model is based only on calculations in which the parameters of the Nernst-Planck equation, ion mobility and dielectric "constant" ε, are held constant (33) . Following the model of Hodgkin and Huxley (25) , which postulated voltage-dependent conductances, Leuchtag (34) took ε to be a function of E, the magnitude of the electric field E across the membrane. Under the hypothesis that ε = ε(E), the electrodiffusion equations become identical to those that describe ferroelectric materials (35, 36) .
Ferroelectrics have built-in electric fields. Ferroelectric materials can sense temperature changes (pyroelectricity), interchange electrical and mechanical effects (piezoelectricity) and produce electro-optic effects (light scattering and field-sensitive birefringence). By definition, a ferroelectric phase is characterized by a nonzero electric polarization (dipole moment per unit volume) that is reversible by an external field. (However, since no field reversal occurs in activation, this defining property is not a feature of the CAbER model.) The spontaneous polarization of ferroelectrics exists between definite temperature limits, the upper and lower Curie points. In the CAbER model, the field effect, in which the (upper) Curie point rises with increasing external electric field, is critical to the explanation of ion-channel activation.
Excitable membranes as ferroelectric liquid crystals
Biological membranes are neither crystalline solids nor disordered liquids; rather, they are phases with order intermediate to these, liquid crystals or mesophases (37) . Although bulk liquid crystals are usually classified as nematic, cholesteric and smectic phases, these categories are inadequate to cover the complexities of ion channels in excitable membranes. Blue phases, ferroelectric materials characterized by a double twist such as two helices in contact at an angle, exist in narrow temperature ranges with cubic or amorphous (fog) symmetries (38) .
Excitable membranes share a number of similarities to ferroelectric liquid crystals, including transition temperatures known as heat block and cold block in axons, surface charges, temperature-stimulated currents, and both thermal and current-voltage hysteresis (33, 39) . Light scattering (40) and voltage-sensitive birefringence, typical of ferroelectric liquid crystals (41), were observed in excitable membranes (42) . Leuchtag (43) fitted the ferroelectric Curie-Weiss law with a Curie temperature of 49.8 C to data by Palti and Adelman (44) on the capacitance of squid axon as a function of temperature.
Cole-Cole plots of frequency-domain data from sodium channels in squid axon membrane (45) are semicircles similar to those measured by Wróbel et al. (46) in ferroelectric liquid crystals, in which the permittivities were strongly bias field dependent. The hypothesis of ferroelectric phases in VSICs (33, 34, 47, 36, 39) was extended to soliton propagation and magnetic effects in axons (48) . Liu et al. (49) observed ferroelectric behavior, including polarization-field hysteresis, butterfly-shaped deformation-voltage loops and voltage-sensitive switching of polarization, in dried intimas of porcine aortic walls. Evidence of ferroelectricity in peptide nanotubes (50) supports the concept of a ferroelectric phase in these biomimetic structures. Ermolina et al. (51) observed liquid-crystal-like ferroelectric behavior in bacteriorhodopsin, an integral protein of the purple membrane of Halobacterium salinarium.
Voltage-sensitive ion channels as bioferroelectric liquid crystals
Ferroelectric phases exist in crystals (35) , polymers (52), liquid crystals (53) and submicrometer films (54) . The related antiferroelectric phases (41) have alternating opposite tilt angles, and since the α helical segments are macrodipoles (55, 56) that thread back and forth across the membrane, the channel may have antiferroelectric properties. Ferroelectric liquid crystals respond to threshold changes in external electric and magnetic fields (Frederiks's effect) and to bending and torsion (flexoelectric effect) (57) . The dielectric permittivity of a ferroelectric liquid crystal is strongly dependent on the electric field (46) . Table 1 shows that the transmembrane segments of voltage sensors in the four repeats of VSICs have structural features characteristic of ferroelectric and antiferroelectric liquid crystal molecules: chiral centers, resonance-stabilized aromatic rings, C=O dipoles and aliphatic chains (58) .
THE BIOFERROELECTRIC HYPOTHESIS
Since the ion channel has properties similar to ferroelectric phases but is structurally different from bulk ferroelectrics, it is referred to as bioferroelectric (59, 36, 60, 39) . The CAbER hypothesis proposes that the bioferroelectricity of the excitable membrane originates in the α helices of the VSIC. This is supported by the parallels between α helices and ferroelectric materials, such as hydrogen bonding and domain formation, reminiscent of antiparallel α-helical bundles, as pointed out by Gilson and Honig (23) . An implication of dipole-charge interactions, they continue, is that long-range interactions may play important roles in protein function.
A potential difficulty with the bioferroelectric hypothesis is that a ferroelectric phase must exceed a certain minimum size (39) . This issue was clarified when Bune et al. (54) showed that polymer films of thickness 1.0 nm, less than the dimensions of a VSIC, can support a ferroelectric phase, indicating that this phase can propagate by coupling exclusively within the plane of the film.
The data cited above suggest that threshold depolarization lowers the Curie point to the channel temperature by the field effect, leading to a bioferroelectric phase transition. The CAbER model postulates that a critical reduction in the magnitude of the membrane electric field converts the channel from a ferroelectric phase at rest potential to a nonpolar phase on threshold depolarization. This order-disorder phase transition reduces ε, increasing the mutual repulsions of between the positive charges in the S4 segments, leading to an open channel conformation that allows conduction of permeant ions.
Branched-chain amino acids affect channel dielectric permittivity
The S4 segments of all members of the S4-containing superfamily (61) Table 1 ). The positively charged residues are essential to channel function; their substitution by neutral residues alters channel activation (20, 62) . The residues labeled "x" between the positively charged residues are: • the aromatic residues, tryptophan (W), phenylalanine (F), tyrosine (Y) and histidine (H); • frequently, a proline (p) that bends the α helical segment; and • predominantly, the branched-chain amino acids (BCAAs) isoleucine (I), leucine (L) and valine (V).
The BCAAs are distributed throughout the channel. Table 1 lists the number of aromatic residues, prolines, BCAAs and positively and negatively charged residues in selected S4 segments. Negatively charged residues, aspartic acid (D) or glutamic acid (E), are seldom found in S4, but note an E in Nav1.2 IIIS4 in Table 1 . These negative charges, as well as the positive charge of H, are often ignored for simplicity. The attraction of positive charges in S4 by the few negative charges in segments S2 and S3 (salt bridges) presents a relatively minor effect on S4 free energy, and is neglected in these simple calculations. N aro = number of aromatic residues (F, Y, W and H) in the S4 segment N p = number of prolines (p) N bc = number of branched-chain I, L and V residues N + = number of positively charged R and K residues N -= number of negatively charged D and E residues. ______________________________________________________________________________
Segment
Sequence Liquid crystal molecules with aromatic rings and sidechains of BCAAs have been found to exhibit ferroelectric properties with extremely large values of spontaneous polarization and dielectric permittivity (58, 63) . These properties are due to their large induced dipole moment. One example is 4'-3M2CPOOB, with two benzene rings and a terminal isoleucine sidechain:
In the diagram, the α' and β' carbons are chiral; X is chlorine. In the ferroelectric phase of 25 μm samples, with a field strength of 500 V/cm at a frequency of 30 Hz, dielectric permittivities of over 3000 were recorded, along with a strong field effect (58).
4'-3M2CPOOB
CALCULATIONS
Function of branched-chain amino acids play in channel activation
VSIC segments are polymers with short sidechains on an α-helical backbone, placing them in the category of sidechain polymers. Many sidechain polymers similar to VSIC segments in possessing aromatic mesogens, chiral centers and branched structures exhibit ferroelectricity (52) . The importance of these structures to VSIC function is demonstrated by mutation experiments.
Mutations of branched to unbranched (or even different branched) residues affects channel function: Lopez et al. (64) showed that L to A mutations in segment S4 strongly shift the conductance-voltage curves in the Shaker K + potassium channel, mostly in the direction of higher voltage. Amino-acid substitution of unbranched for branched residues in fragments of electric eel Na + channels inserted into bilayers affected their voltage response, indicating a link between the branched sidechains and the gating process (65) . Mutations of L to A in S4 segments of domains I and II of human skeletal muscle Nav1.4 channels expressed in human embryonic kidney cells altered steady-state activation curves and slowed inactivation (66) . Voltage-sensor motion in Ci-VSP is tuned over two orders of magnitude or shifted 120 mV by the size of an isoleucine, I126, of the S1 helix, which is strictly conserved over a number of K + and Na + channels (67) . A triple mutation of uncharged residues, two of which change one BCAA into a different one, converts the kinetic and voltage-dependent properties of Shaw potassium channels into Shaker, and show that the gating currents precede the ionic currents; one of these, I372L, is primarily responsible for changes in cooperativity and voltage dependence (68) .
These experimental findings show that BCAAs play an important role in channel activation, a role that can be accounted for by the effect of these residues on the dielectric permittivity of the channel: The collective effect of the induced dipole moments is to create surface polarization charges that oppose the applied field within the molecule, reducing the electric displacement, D = εE, by the factor ε (22); see 
Calculation of repulsion energy within S4 segments
The S4 segment at rest potential is modeled as an α helix with its axis in the z direction, perpendicular to the membrane plane. The small number of negative residues and the proline bend, which occurs frequently but not always in S4 segments (see Table 1 ), are omitted for simplicity.
Although BCAA sidechains in the channel segments occur in larger numbers than in 4'-3M2CPOOB, in which ε rises to over 3000 in the ferroelectric phase, we will conservatively assume ε = 500 for the ferroelectric resting channel in the model calculations. In contrast, proteins in equilibrium have a dielectric constant ranging between 3 and 5 (12) . We here consider only the component of ε in the transmembrane direction.
The positively charged residues are modeled as points on a cylinder of radius R = 0.80 nm from the helical axis (16) . The charges are numbered from 1 to N (or N + , as in Table 1 ), starting with the outermost. Since the cytoplasm may be considered to be incompressible, the innermost positive charge, q N , can be considered fixed in position. When ε is so large that electrostatic forces can be neglected, the S4 segment will have the dimensions of a standard α helix, with residues on a right-handed helix of angular separation 100 and a separation in the z direction of 0.15 nm. Since the charges are at every third position, the axial distance between them is A = 0.45 nm and the angular separation θ = 300. The distance r ij between two of the positive charges, i and j, is (16):
Because of the vectorial nature of force and the interactions with neighboring segments, it is simpler to calculate the electrostatic potential energy than the force. The mutual potential energy (in joules) between two charges, q i = q j = e = 1.60 × 10 -19 C, is (22, 16) (3)
The net potential energy U 1 (ε, N), in kilojoules per mole, of the outermost charged residue, i = 1, is the sum of the energies due to the repulsion of the other N -1 charges: Table 2 for N ranging from 2 to 8, and for a resting ε of 500 and depolarized values of ε of 3, 4 and 5 (12) . Calculations were carried out on a Texas Instruments TI-35X calculator and Microsoft Excel 2007.
(2) 
DISCUSSION
Repulsion energy expands the S4 segment
For an S4 segment with seven positive charges, N = 7, as listed in Table 1 for the Shaker K + channel, with a resting ε = 500, Table 2 shows an electrostatic potential energy U 1 = 0.943 kJ/mol (0.225 kcal/mol), only ~12% of the hydrogen-bond energy of ~ 8 kJ/mol. This small perturbation is unlikely to change the widths of the backbone hydrogen bonds appreciably from the standard value. When the channel is depolarized, however, the repulsion energy increases to 157.1 kJ/mol (37.5 kcal/mol) if ε = 3, to 117.8 kJ/mol (28.1 kcal/mol) if ε = 4, and to 94.3 kJ/mol (22.5 kcal/mol) if ε = 5.
These repulsion energies on activation, more than 1100% as great as the hydrogen-bond energy, must result in the separation of the positive charges from each other and, consequently, an expansion of the S4 segment. Thus, the reduction of ε from a resting value of 500 to a depolarized value of 4 ± 1 results in a great increase in the repulsion energy of the outermost positive residue, which must cause the S4 segments to expand. This expansion is consistent with the observed outward movements (5, 6) . Luminescence energy transfer measurements on Shaker K + channels indicate a mean S4 displacement of 1.0 ± 0.5 nm, with a normal component of 0.5 ± 0.2 nm (69) .
For an S4 segment with five positive charges, N = 5, as in segments IS4 and IIS4 of Nav1.2 and Cav1.1, the percentage energy perturbations change to ~9% at rest and at least 900% when depolarized. The latter increase in repulsion energy, while substantial, is notably less than that for N = 7, showing that a decrease in the number of positive S4 charges reduces the effectiveness of channel activation.
The calculations show that the sizable reduction of ε induced by the channel's phase transition from ferroelectric (at rest) to nonpolar (depolarized) in a threshold depolarization leads to a sharp increase of the electrostatic repulsion between positive residues. These repulsions must expand the four S4 segments.
These electrostatic calculations also show that the potential energy U 1 (ε, N) , as well as the S4 expansion, increases with the number of positive residues N. Thus S4 segments with fewer sensor charges are not as effective in channel activation as those with more. This is consistent with the experimental findings by Stühmer et al. (20) that neutralization of positive charges generally results in a decrease in sodium-channel activation, and that the decrease becomes greater as more charges are neutralized. It is also consistent with the finding by Logothetis et al. (70) that differences in the charge content of S4 segments between mammalian potassium channels, Kv1.1, and the Drosophila Shab11 are sufficient to account for the distinct gating valence of each channel.
Not all seven positive charges are needed to open the Shaker channel. The margin of safety provided by such excess capacity may have contributed to the evolutionary pressure to increase the number of positive charges in the S4 segments of more complex organisms. The greater number of positive charges in ion channels of more advanced organisms would result in a larger repulsion force and hence a more rapid and reliable activation process, presumably providing an adaptive advantage to the organism.
Certain complications have been omitted for simplicity: the presence of a small number of negative residues in the S1 and S2 segments; the occasional irregularities in the distance between positive charges; the effects of surface charges along the aqueous boundaries and the headgroups of the lipid bilayer; the tilt angle of the S4 segments; the proline bend of many S4 segments, and the torques that cause the S4 helix to unwind as well as expand. Further studies that take these factors into consideration should modify the above calculations but are unlikely to greatly alter the major conclusions.
Papazian et al. (71) found evidence by site-directed mutagenesis and electrophysiological analysis that that the positively charged S4 residues of Shaker K + channels are important in channel activation and inactivation, but that these are not the only amino acids that affect the channel's voltage dependence. The increase in electrostatic repulsion during activation must drive the S4 segments apart from each other within the membrane plane (72) , as well as expanding them. Weinreb and Magura (73) propose that this sideways movement reduces the force of repulsion between the S4 charges and a cation traversing the channel axially; although this model is qualitatively valid, the calculation overestimates the repulsion energy in the resting state by assuming that all the charges of an S4 segment are concentrated at a single point.
Widening of the pore segments allows stochastic currents of permeant ions-
The S4 expansions demonstrated above result in a global expansion of the channel into a new equilibrium conformation, the open state of the VSIC. Studies of the physical chemistry of hydrogen bonds (74) show that when they are widened, hydrogen bonds become subject to occupation by ions such as K + , Na + , Li + and Ca 2+ . This ion exchange permits bare ions to enter a conduction pathway formed by the four α helices of the S6 segments (4), and occupy sites within it (16, 39) . Permeant ions, selected and stripped of their hydration waters, enter widened hydrogen-bond sites in the backbones of the pore segments, where they become mobile.
During transient periods when a critical ion concentration of permeants is reached in the pore domain, the ions form a connected pathway and hop cooperatively from site to site. This percolation (75) across the channel is driven and directed by the electrochemical potential difference between the aqueous phases. As the ion occupation pattern changes unpredictably from moment to moment due to thermal motions, the ion current is not continuous in time but broken into stochastic bursts, as observed in single-channel currents (13) .
Structure-function relations
The CAbER model describes a way in which the functional properties of channel activation arise from its structural features, including positively charged arginines and lysines, chiral carbon atoms, branched sidechains and aromatic groups. It accounts for: • the resting potential as a necessary condition for molecular excitability; • the role of branched-chain amino acid residues in channel activation; • the indirect effect of membrane depolarization on channel activation; • a quantitative relation between the number of positive charges in S4 and the electrostatic energy of channel activation; and • a stochastic electromechanism with unpredictable onsets and terminations of ion current.
Model predictions
No other model has been able to account for these phenomena from physical principles. The validity of the CAbER model may be tested by experiments designed to falsify or support the following predictions of the hypothesis: •
In the activation of a channel by a depolarization, the distance between any two charged residues in S4 will not remain constant but will increase if the charges are like and decrease if they are unlike. • Replacement of one or more branched residues with unbranched ones, or vice versa, will shift the activation curve. • Replacement of aromatic residues with nonaromatic ones, or vice versa, will affect activation. • Channel activation exists in a temperature range with upper and lower limits, accounting for the heat block and cold block observed in axons. In wild-type channels, the values of these limits will in general vary with the type of channel, consistent with the adaptation of the organism to its environment.
CONCLUSIONS
The conserved motifs of regular arrays of positively charged residues in the voltage sensors provide a clear sign that repulsive forces play significant roles in ion channel activation. A threshold voltage 14 reduction leads to a cooperative relaxation of the sidechains of the branched chain amino acids. This reduces their dipole moments and changes the phase of the channel from bioferroelectric (resting) to nonpolar (first stage of activation). The dielectric permittivity of the channel thereby drops from a high to a low value, greatly amplifying all electrostatic forces, including the repulsive forces between the positive charges in S4. These repulsions expand the four S4 segments. Because of interactions between segments, these movements affect the global conformation of the channel (second stage of activation). Two assumptions were made to explain the basis of channel activation: (1) The mean dielectric permittivity ε is an increasing function of electric field magnitude. (2) The effect of branched nonpolar amino acids on channel dielectric permittivity in ion channels is similar to that in ferroelectric liquid crystals.
Reasoning from these assumptions shows that voltage sensitivity is not due to the direct action of the electric field on the positive charges of the S4 segments but due to an indirect effect: The high electric field across the resting channel creates induced dipole moments in the branched-chain amino acid residues, creating a bioferroelectric phase with a polarization that reduces the applied field. Thus the mean dielectric permittivity of the channel is high at rest, so that the repulsions between the positive charges are small, leaving the resting channel compact and impermeable.
On threshold depolarization, the branched sidechains relax and lose their dipole moments, greatly reducing the permittivity and so increasing the repulsive forces between the positive residues in S4. When the Shaker K + channel is depolarized, the repulsion energy in each S4 segment increases to about 120 kJ/mol (30 kcal/mol). These repulsions cooperatively expand the S4 segments, driving a conformational change of the ion channel to an expanded configuration with sites along which permeant ions stochastically hop across the membrane until inactivation intervenes.
The energetics of this effect for the simple model used for the above calculations show that the S4 segments must expand. The calculations quantitatively describe the expansion of the S4 segments induced by the lowering of the channel's dielectric permittivity when the branched sidechains lose their dipole moments. While certain structural complications have been omitted for simplicity, improvements are unlikely to alter the conclusion that powerful repulsions between positive charges of the S4 segments are indirectly induced by a threshold depolarization.
The molecular electromechanism approach to voltage-sensitive ion channels presented in the Channel Activation by Electrostatic Repulsion model explains existing data and offers predictions offers predictions that can be tested by experiment.
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Figure 1
Schematic sequence of changes at channel activation in the proposed electromechanism. For simplicity, the ion channel is represented by a single column of positively charged R/K residues (+) within an S4 segment, surrounded by two columns of branched-chain amino acid I/L/V residues (squares), which are distributed throughout the channel. The outside of the channel is up. A. At the high electric field of the resting potential, a large dipole moment is induced in the sidechains of the BCAAs (polarized squares), partially shielding the applied electric field and thus raising the channel's mean dielectric permittivity to a high value, say ε = 500. Because ε is in the denominator of Coulomb's law, electrostatic forces and energies are low, and the mutual repulsions between the positive residues do not appreciably increase the helical pitch of S4 from its standard value. B. When the channel is depolarized beyond threshold, reducing the applied electric field, the BCAA sidechains relax and lose their dipole moments (empty squares). This reduces ε to values between 3 and 5, causing the repulsions to increase by a factor of the order of 100. As the positive residues move apart from one another, they expand the S4 segments.
